In isolated longitudinal muscle tissues of the guinea-pig stomach antrum, recording electrical responses from smooth muscle cells revealed a periodical generation of follower potentials with variable durations. The I-D relationship, made by plotting the duration as a function of the interval before generating follower potential, was linear. Experiments were carried out to investigate the effects of chemicals which had been known to modulate the release of Ca 2+ from the internal stores (2-aminoethoxy-diphenyl-borate, cyclopiazonic acid, caffeine), inhibit mitochondrial metabolic activity (m-chlorophenyl hydrazone, 2-deoxy-Dglucose, potassium cyanide, rotenone), inhibit ATP-sensitive K-channels distributed in mitochondria (glibenclamide, 5-hydroxydecanoic acid) and inhibit the activity of proteinkinase C (chelerythrine), on the I-D relationship of follower potentials. The effects of depolarization on follower potentials were assessed by stimulating tissues with high potassium solution. Experiments were carried out mainly in the presence of nifedipine which minimized the movements of muscles with no modulation of follower potentials. Cycropiazonic acid and caffeine reduced the slope of I-D relationship, with associated reduction of the duration and frequency of follower potentials. 2-Aminoethoxydiphenyl borate reduced the duration and amplitude and increased the frequency of follower potentials, with depolarization of the membrane, and the effects were simulated by high potassium solution. m-Chlorophenyl hydrazone, potassium cyanide, 2-deoxy-D-glucose, rotenone, 5-hydroxydecanoic acid and glibenclamide reduced the slope of I-D relationship, with associated reduction of the frequency of follower potentials. Chelerythrine did not modulate the slope of I-D relationship, with reduced frequency of follower potentials. It seemed likely that the amount of Ca 2+ released from the internal stores and also mitochondrial function had causal relationship to the duration of pacemaker potentials, suggesting that internal Ca-stores and mitochondria are taking the central role for determining the duration of the pacemaker activity. Proteinkinase C did not seem to participate to the function of mitochondria and internal Ca 2+ stores.
Introduction
There are many types of interstitial cells of Cajal (ICC) distributed in the gastrointestinal tract, and their distribution and property are heterogeneous Sanders, 1996; Burns et al., 1997; Huizinga et al., 1997; Komuro et al., 1999; Sanders et al., 1999; Suzuki, 2000; Takaki, 2003) . There is a terminological controversial for individual ICC in the gastrointestinal tissues, and equivocal naming is applied to some subtypes of ICC. Following is the subtypes of ICC distributed in gastrointestinal tissue, based on the suggestion by Komuro (2006) ; ICC-MP are distributed in the myenteric plexus layer between circular and longitudinal smooth muscle layers, the intramuscular ICC (ICC-IM) are found in both circular and longitudinal smooth muscle layers of the stomach and colon of many species, and the deep muscular ICC (ICC-DMP) are distributed in circular smooth muscle layer close to the mucosal boundary of the small intestine. In the colon, a group of ICC also distributes in the submuscular layer (ICC-SMP) and in the subserosal layer (ICC-SS), in addition to the distribution of ICC-MP and ICC-IM (Zhou et al., 1992; Ishikawa and Komuro, 1996; Toma et al., 1999; Aranishi et al., 2009) .
The physiological roles of ICC differ between subtypes: ICC-MP provide the pacemaker activity for the smooth muscle of stomach and small intestine of many species, while ICC-IM or ICC-DMP are considered to have a role for transferring neural signals to smooth muscle cells (Sanders et al., 1996; Ward and Sanders, 2001) . Potentials generated in ICC-IM also contribute to form a part of slow waves generated in circular smooth muscle of the stomach (Dickens et al., 1999; Dickens et al., 2001; Hirst and Edwards, 2001; Kito and Suzuki, 2003b; Suzuki et al., 2006; Kito et al., 2009) . In stomach muscle tissues, recording electrical activities from ICC-MP indicates that the pacemaker potentials are plateau type, with fast rising component (Dickens et al., 1999; Kito et al., 2002a; Kito and Suzuki, 2003b; Kito et al., 2009) . The pacemaker potentials conducted to circular smooth muscle form the 1 st component of slow waves, and the potentials conducted to ICC-IM trigger the generation of spontaneous transient depolarizations (STDs) which are conducted to circular smooth muscle cells to form the unitary potentials for constricting the 2 nd component of slow waves (Dickens et al., 1999; Dickens et al., 2001; Hirst and Edwards, 2001; Kito et al., 2002a; Kito and Suzuki, 2003b; Hirst et al., 2006; Kito et al., 2009) . Pacemaker potentials conducted to longitudinal smooth muscle form follower potentials which have a square shape and have rising and falling phases much slower than the pacemaker potential (Dickens et al., 1999; Cousins et al., 2003; Edwards and Hirst, 2003; Hirst et al., 2006) . Slow waves generated in circular smooth muscle are thus formed by summing the potentials propagated from ICC-MP and ICC-IM, while follower potentials generated in longitudinal muscle are formed by the passive spread of pacemaker potentials. Some of the ICC-SMP distributed in the colon produce actions specific to colon, such as anti-peristaltic movements (Hukuhara and Neya, 1968; Kobayashi et al., 1995; Kobayashi et al., 1996; Nahar et al., 1998) . Isolated gastric smooth muscle generates slow waves in circular muscle cells or follower potentials in longitudinal muscle cells, in response to pacemaker potentials generated in ICC-MP (Dickens et al., 1999; Dickens et al., 2001) . The occurrence of individual pacemaker potentials is not constant, and it is a function of temperature, membrane potential and activities of intracellular components such as endoplasmic reticulum (ER) and mitochondria (Nose et al., 2000; Ward et al., 2003; Ward et al., 2004; Nakamura et al., 2006; Suzuki et al., 2006; Kito and Suzuki, 2007; Nakamura et al., 2009) . The duration of pacemaker potential is also not homogeneous, and it is shown by Hirst and Edwards (2001) that in smooth muscle segments isolated from the guinea-pig stomach, the duration of driving potential (equal to pacemaker potential) is a function of time required for the generation of the potential after termination of the previous potential, i.e., there is a linear relationship between the time for the interval between pacemaker potentials and the duration of subsequently generated pacemaker potential. This suggests that the factors determining the duration of pacemaker potential involve intracellular functions, such as metabolic activities in mitochondria or mobilization or accumulation dynamics of Ca 2+ in the internal stores.
Attempts were made to investigate the factors which determine the duration of pacemaker potentials in smooth muscles isolated from the antrum region of the guinea-pig stomach.
Experiments were carried out to investigate the effects of chemicals which modulate the activity of gastric muscles on the properties of follower potential recorded from the longitudinal muscle, since the recording and analysis of this potential were technically much easier than direct monitoring the activity of ICC-MP. Moreover the potential was considered nearly equal to the pacemaker potential generated in ICC-MP, with no involvement of the component from ICC-IM (Dickens et al., 1999; Hirst and Edwards, 2001; Cousins et al., 2003; Edward and Hirst, 2003; Hirst et al., 2006) , unlike in the case of slow waves recorded in circular smooth muscle cells. The chemicals tested were; those which were known to modulate the release or uptake of Ca 2+ for the internal stores (cyclopiazonic acid, 2-aminoethoxy-diphenyl-borate, caffeine), those which were known to inhibit the functions of mitochondria (m-chlorophenyl hydrazone, rotenone, potassium cyanide, glibenclamide, 5-hydroxydecanoic acid, 2-DDG), and those which were the inhibitor of proteinkinase C (chelerythrine). Some of the chemicals are reported to modulate or terminate the rhythmic activity of gastric muscles, with associated depolarization of the membrane, and therefore the effects of membrane depolarization on the duration of follower potentials were examined by using high-potassium solutions (high-K solution). As no significant change in the general properties of slow waves had been reported in the presence of several types of Ca-antagonists (Tomita, 1981; Ishikawa et al., 1985; Dickens et al., 1999) , some experiments were carried out in the presence of nifedipine or nicardipine, known inhibitors of the voltage-sensitive L-type Cachannels, to facilitate observations of electrical activities from single cells for a long period of time by minimizing the muscular movement. The results indicated that the duration of follower potentials was causally related to the functions of intracellular Ca-stores and mitochondria, but not by the membrane potential.
Materials and Methods

Preparations
Male albino guinea-pigs, weighing 200-300 g, were anesthetized with fluoromethyl 2, 2, 2-trifluoro-1-(trifluoromethyl) ethyl ether (sevoflurane, Maruishi Pharm., Osaka, Japan), and exsanguinated by decapitation. All animals were treated ethically according to the guiding principles for the care and use of experimental animals in the field of physiological sciences, approved by The Experimental Animal Committee of the Nagoya City University Medical School.
The stomach was excised, and a segment of tissue (5 × 5 mm) was dissected from the antrum region of the stomach wall, along the greater curvature, and kept in Krebs solution. After removing the mucosal layers by cutting with fine scissors, circular muscle bundles were removed mechanically by fine forceps, and a sheet of longitudinal muscle was prepared. A muscle sheet (250-300 m width and about 500 m long) was then pinned on the silicone rubber plate, with the mucosal side uppermost. The muscle sheet was superfused with oxygenated Krebs solution (warmed to 36.5 o C), at a constant flow rate of about 2 ml/min.
Conventional microelectrode techniques were used to record the electrical activity of smooth muscle cells, using glass capillary microelectrodes (capillary outer diameter, 1.2 mm, inner diameter 0.6 mm; Hilgenberg, Germany) filled with 1 M KCl. The tip resistance of the electrodes ranged between 150 and 300 MΩ. Electrical responses recorded through a high input impedance amplifier (Axoclamp-2B, Axon Instruments, Inc., Foster City, California, U.S.A.) were displayed on a cathode-ray oscilloscope (SS-7602, Iwatsu, Osaka, Japan) and were also stored on a personal computer for later analysis.
The ionic composition of the Krebs solution was as follows (mM): Na of potassium ions (high-K solutions) were prepared by elevating the volume of KCl solution and reducing the volume of NaCl solution, thus keeping the concentration of chloride ions constant. These solutions were aerated with O2 containing 5% CO2, and the pH of the solutions was maintained at 7.2-7.3. Chemicals used were 2-aminoethoxy-diphenyl-borate (2-APB), caffeine, chelerythrine, cycropiazonic acid (CPA), m-chlorophenyl hydrazone (CCCP), 2-deoxy-D-glucose (2-DDG), 5-hydroxydecanoic acid (5-HDA), glibenclamide, nifedipine, nicardipine, potassium cyanide (KCN) and rotenone (all purchased from Sigma-Aldrich Chem., St. Louis, MI, USA).
Nifedipine, CPA, chelerythrine, CCCP and glibenclamide were dissolved first in dimethyl sulphoxide (DMSO) at a concentration of 10 mM, and it was further diluted to a desired concentration with Krebs solution, just before use.
The relationship between the interval between follower potentials and the duration of subsequently generated follower potential (I-D relationship) was expressed by fitting the distribution of values with a linear line D = a + bI (D, duration of follower potential; I, interval between two follower potentials; a, value D at I = 0; b, slope) using the least squares method, and the fit of values to the line was evaluated by the correlation coefficient (r).
Experimental values were expressed as the mean value ± standard deviation (S.D.).
Statistical significance was tested using Student's t-test (two-tailed), and probabilities of less than 5% (P<0.05) were considered to be significant.
Results
Properties of follower potential
Periodical generation of follower potentials was observed in all longitudinal smooth muscle preparations studied (n = 54), and their mean amplitude and frequency were 31.96 ± 6.81 mV and 2.25 ± 0.80 times per min, respectively. These values were comparable to those reported previously by Dickens et al. (1999) and Nakamura et al. (2006) . The I-D relationship was measured in all preparations, and one of the typical examples was shown in Fig. 1 . When the durations of individual follower potentials (d1, d2, and so on) were plotted as a function of intervals required prior to the generation of follower potential (i1, i2, and so on), they showed a linear relationship. depolarized the membrane by about 7 mV (control, -68.03 ± 1.26 mV; high-K, -61.48 ± 1.22 mV; n = 10; P<0.05) and reduced the interval, duration and amplitude of follower potentials (Fig. 2 , F-H). As a consequence, the I-D-relationship was shifted to lower and left-hand sides, but in a parallel way (Fig. 2E ). The mean value of the slope of I-D relationship was not significantly changed by high-K solution (control, 0.173 ± 0.026; high-K, 0.171 ± 0.023; n = 4; P>0.05).
These results indicate that membrane depolarization is not an essential factor to modulate the I-D relationship of follower potentials.
Effects of chemicals which modulate the function of internal Ca 2+ stores
In gastric antrum muscles, the frequency of rhythmic activity is decreased or blocked by CPA, an inhibitor of the activity of Ca-ATPase at the internal stores (Uyama et al., 1992) , 2-APB, an inhibitor of the IP3-receptor-mediated release of Ca 2+ from the internal stores (Maruyama et al., 1997) , or caffeine (Dickens et al., 1999; Lee et al., 2004; Hashitani et al., 2005; Domae et al., 2008) .
Experiments were carried out to investigate the effects of these chemicals on the I-D relationship CPA has dual effects on gastric muscles, an excitation at low concentrations and inhibition at high concentrations, and the concentration of CPA which does not abolish, but reduce the frequency of follower potentials ranges between 10 -6 and 2.5 × 10 -6 M . M CPA on follower potentials. This concentration of CPA reduced the frequency and duration of follower potentials, with no significant change in the amplitude (Fig. 3, D-F) , while the slope of I-D relationship was decreased (Fig. 3C) . Similar experiments were repeated in 6 different tissues, and the mean slope of the relationship was confirmed to be significantly decreased (control, 0.095 ± 0.043; in CPA, 0.039 ± 0.029; P<0.05). The results suggest that the reduced Ca 2+ uptake to the internal stores results in a reduction of the duration of follower potentials.
Electrical activity of gastric smooth muscle is also inhibited by high concentrations of 2-APB (Fukuta et al., 2002; Kito et al., 2002a; Nakamura and Suzuki, 2004a; Hirst et al., 2008) , and experiments were carried out to test the effects of subthreshold concentrations (10 (control, -68.3 ± 1.3 mV; in 2-APB, -61.5 ± 1.2 mV; n = 9; P<0.05), increased the frequency and decreased the duration and amplitude of follower potentials (Fig. 4, A-F) . However, the slope of the I-D relationship was not changes by 2-APB (Fig. 4C ). This was confirmed in 4 different tissues (control, 0.099 ± 0.012; in 2-APB, 0.102 ± 0.007; P>0.05). These results suggest that the slope of I-D relationship was not changed by inhibiting the release of Ca 2+ from the internal stores by 2-APB.
Application of caffeine (0.3-2 mM) transiently hyperpolarized the membrane by 1-5 mV, and it recovered to the resting level within 3-5 min. Figure 5 shows follower potentials recorded before (A) and during application of caffeine for about 10 min (B, 0.3 mM; C, 1 mM). Low concentration of caffeine (0.3 mM) decreased the frequency, duration and amplitude of follower potentials (Fig. 5, E-G), and these changes were associated with an inhibition of the slope of I-D relationship (Fig.   5D ). These effects of caffeine on follower potentials appeared much clearer when high concentration (1 mM) of caffeine was applied, in which the slope of I-D relation went down to nearly zero. That was, the duration of follower potentials was nearly constant irrespective of the change in the length of intervals, and it was almost independent from intervals between follower potentials. The inhibitory effects of caffeine on follower potentials were reversible, and it required for up to 20 min for the complete recovery.
Effects of chemicals which modulate mitochondrial activity
Experiments were carried out to test chemicals which had been known to inhibit the activity of mitochondria on the I-D relationship. The chemicals tested involved CCCP (a mitochondrial protonophore; Duchen, 1999) , potassium cyanide (KCN) (mitochondrial electron transport inhibitor), 2-DDG (glycolysis inhibitor; Pelicano et al., 2006) , rotenone (mitochondrial complex I inhibitor; Barrientos and Moraes, 1999; Gao et al., 2003) , glibenclamide (an ATP-sensitive Kchannel blocker; Ashcroft, 2005) and 5-HDA (a mitochondrial ATP-sensitive K-channel blocker, Grover and Garlid, 2000; Sato et al., 2005) . M CCCP decreased the frequency and duration of follower potentials (Fig. 6, A, B , D, E), with no significant change in the amplitude (Fig. 6F) . The slope of I-D relationship was also decreased by CCCP (Fig. 6C) . Similar experiments were repeated in 12 tissues, and the slope of I-D relationship (0.074 ± 0.088 in control) was decreased to 0.024 ± 0.015 in the presence of CCCP (P<0.05).
KCN also reduced the slope of I-D relationship (Fig. 7A) , with reduced frequency (Fig. 7B ) and no significant change in the duration and amplitude of follower potentials (Fig. 7, C and D) . The mean value of the slope of I-D relationship was 0.104 ± 0.049, and it was significantly decreased in the presence of KCN (0.032 ± 0.033; n = 8; P<0.05). 2-DDG (10 -3 M) decreased the slope of the I-D relationship (Fig. 7E ) and also the interval and duration of follower potentials (Fig. 7 , F and G), with no significant change in the amplitude (Fig.  7H) . Similar experiments were repeated in 3 preparations, and the results indicated that the slope of I-D relationship (0.121 ± 0.016) was significantly decreased by 2-DDG (0.075 ± 0.035; P<0.05).
Application of high concentrations (>3 × 10
-3 M) of 2-DDG resulted in an abolished follower potentials, and it did not recover for up to 2 hr washing (data not shown). (Fig. 8, E and F) . The peak amplitude of follower potentials was slightly but significantly decreased by 10 -6 M rotenone (Fig. 8G) . These changes were associated with a strong inhibition of the slope of I-D relationship (Fig. 8D ). Significant decrease in the slope of I-D relationship by 10 M resulted in a significant increase in the interval (Fig. 8E) and decrease in the duration (Fig. 8F) and amplitude (Fig. 8G ) of follower potentials. The slope of I-D relation was further reduced by the increased concentration of rotenone (Fig. 8D) . These changes in follower potentials produced by 10 associated reduction in the frequency (Fig. 9B), duration (Fig. 9C) and amplitude (Fig. 9D ) of follower potentials. These effects of glibenclamide were also associated with depolarization of the membrane (control, -69.01 ± 1.10 mV; in glibenclamide, -67.64 ± 1.35 mV, n = 20; P<0.05). The effects of glibenclamide were confirmed in 7 tissues, and the slope of I-D relationship (0.106 ± 0.049) was significantly decreased by glibenclamide (0.076 ± 0.060; P<0.05).
In different tissues, application of 3 mM 5-HDA also reduced the slope of I-D relationship (Fig.  9E) , with associated decrease in the frequency of follower potentials (Fig. 9F) . The duration (Fig.   9G ) and amplitude (Fig. 9H ) of follower potentials were not significantly changed by 5-HDA. In 8 tissues, membrane potentials were also not significantly altered by 5-HDA (control, -66.97 ± 1.85 mV; in 5-HDA, -67.83 ± 2.10 mV, n = 8; P>0.1). However there was a tissue which showed a stop of the generation of follower potentials in response to 5-HDA, with associated hyperpolarization of the membrane by about 7 mV (data not shown). The slope of I-D relationship observed in 8 preparations amounted to 0.141 ± 0.025, and it was decreased to 0.112 ± 0.031 by 5-HDA (P<0.05).
Effects of chelerythrine on follower potentials
Possible involvement of PKC in the regulation of the frequency of spontaneous activity has been pointed out in circular smooth muscle of the guinea-pig stomach Lee et al., 2004; Nakamura and Suzuki, 2004b; Suzuki et al., 2006) . Experiments were therefore carried out to observe the effects of inhibiting the activity of PKC with chelerythrine (3 × 10 -6 M). The results indicated that this chemical increased the interval of follower potentials (Fig. 10B) , with no significant change in the I-D relationship (Fig. 10A) , and also the duration (Fig.  10C) and amplitude (Fig. 10D ) of follower potentials. The resting membrane potentials were not changed by chelerythrine (control, -66.8 ± 1.8 mV; in chelerythrine, -66.5 ± 2.1 mV, n = 7; P>0.05). The effects of chelerythrine were confirmed in 7 different preparations, and the mean value of the slope of I-D relation was 0.078 ± 0.034 in control and was 0.058±0.034 in the presence of chelerythrine (P>0.05). 
Discussion
The present experiments were aimed to examine the factors which determine the duration of follower potentials in longitudinal smooth muscle tissues isolated from the guinea-pig stomach antrum. Longitudinal tissues examined had an attached ICC-MP (Burns et al., 1997; Komuro et al., 1996) , and both types of cells were contacted to each other with gap junctions (Daniel and Wang, 1999) . Follower potentials recorded from longitudinal smooth muscle cells are produced by a passive electrical propagation of pacemaker potentials generated in ICC-MP (Dickens et al., 1999; Hirst and Edwards, 2001; Cousins et al., 2003) . In a segment of tissues examined (equal to 250-300 m width; about 500 m long), the pacemaker potentials generated in ICC-MP could modulate the membrane potential of all smooth muscle cells contained in the segment almost simultaneously with a negligibly small amount of decrease, since the expected length constant of the tissue is 1-2 mm (Tomita, 1981; Kuriyama et al., 1998) . Thus, it is considered reasonable to assume that the duration of follower potentials is comparable to the duration of pacemaker potentials. The duration of pacemaker potential is a function of interval for generating the potential after cessation of the previous potential, and these two factors have linear relationship ). The present experiments showed that this was also the case for follower potentials recorded from longitudinal smooth muscle cells, and there was a linear relationship between interval of follower potentials and duration of subsequently generated follower potentials (i.e., I-D relationship). The interval is reciprocal to the frequency, so that the increased interval between follower potentials results in a decrease in the frequency, if the duration is constant.
Therefore, the slope of I-D relationship will increase when the duration of follower potentials increases with no marked change in the interval. The increase in duration of follower potentials, with constant interval between follower potentials, produces a parallel upward shift of the I-D relationship, while the decrease in duration makes a parallel shift of the slope to the downward direction, both with no change in the slope of the relationship. Therefore, the change of the slope of I-D relation is a good indicator to estimate which of the components of follower potential is modified in response to chemicals tested. The I-D relationship was not changed by Ca-antagonists, nicardipine and nifedipine, suggesting that the voltage-sensitive L-type Ca-channels are not involved in the factors to determine the duration of follower potentials. This was confirmed by the absence of any change in the duration and frequency of follower potentials during exposure to these Ca-antagonists. These results support that voltage-sensitive L-type Ca-channels are not involved in the pacemaker activity and the generation of pacemaker potentials (Dickens et al., 1999; Kito et al., 2002a; Kito and Suzuki, 2003b) . On the other hand, high-K solution shifted the slope of I-D-relationship to the left-hand and downward direction in a parallel way. Membrane potential is one of the important factors to modify the frequency of pacemaker activity, and it is increased by depolarization and decreased by hyperpolarization (Nose et al., 2000; Suzuki, 2000; Fukuta et al., 2002; Kito and Suzuki, 2003a; Ward et al., 2004; Suzuki et al., 2006) . High-K solution depolarized the membrane and increased the frequency and decreased the duration of follower potentials. These results indicate that the slope of I-D relationship is not influenced by the change in membrane potential. The results also suggest that membrane depolarization does not modify the factors which regulate the slope of I-D relationship.
The present results indicated that the slope of I-D relationship was reduced by CPA, caffeine, CCCP, 2-DDG, KCN, rotenone, glibenclamide and 5-HDA. CPA inhibits Ca-ATPase at the internal Ca-stores, which results in a decreased release of Ca 2+ from the store (Uyama et al., 1992) .
Actions of caffeine on smooth muscle are controversial, and the effects of examined concentrations of caffeine (equal to 0.3-1 mM) on gastric smooth muscle are unclear. Caffeine has been considered to inhibit the activity of smooth muscle by an elevation of cyclic AMP due to inhibition of the activity of phosphodiesterases (Arnaud, 1987) . However this does not seem to be the case in gastrointestinal smooth muscle (Prestwich and Bolton, 1995; Nakamura et al., 2004) . Caffeine inhibits the activity of ICC-IM in gastric muscles, as revealed by the inhibition of the generation of unitary potentials (Dickens et al., 1999; Suzuki and Hirst, 1999; Suzuki, 2000; Dickens et al., 2001; Kito et al., 2002; Kito and Suzuki, 2003b; Hashitani et al., 2005; Hirst et al., 2008) , possibly due to the inhibition of Ca 2+ release from the internal stores. Thus, both CPA and caffeine may have actions to decrease the release of Ca 2+ from the internal stores indirectly, and it seems likely that the functional loss of the internal Ca-stores has causal relation to the decrease in the slope of I-D relationship. The remainders (i.e., CCCP, 2-DDG, KCN, rotenone, glibenclamide, 5-HDA) are inhibitory chemicals for mitochondrial activity: CCCP is a mitochondrial protonophore (Duchen, 1999) , 2-DDG is an inhibitor of glycolysis (Pelicano et al., 2006) , KCN and rotenone are inhibitors of electron transport in mitochondria (Barrientos and Moraes, 1999; Gao et al., 2003) , glibenclamide inhibits ATP-sensitive K-channels distributed in both plasma and mitochondrial membranes (Ashcroft, 2005; Sato et al., 2005) , and 5-HDA inhibits mitochondrial ATP-sensitive Kchannels (Grover and Garlid, 2000; Sato et al., 2005) . In all cases, the reduction of the slope of I-D relationship was associated with the shortening of the duration of follower potentials. Thus, it is considered that the duration of pacemaker potentials is a function of Ca 2+ released from the internal stores and the activity of mitochondria in ICC-MP.
2-APB has multiple actions, including the inhibition of IP3-receptor mediated release of Ca 2+ from the internal stores (Maruyama et al., 1997) , inhibition of gap junctional communications (Bai et al., 2006; Tao and Harris, 2007) , modulation of the conductance of some types of ion channels distributed in the plasma membrane (Votes et al., 2001; Trebak et al., 2002; Hu et al., 2004; Li et al., 2006) and inhibition of Ca-channels activated by the store-operated Ca-release (CRACK channels, Kukkonen et al., 2001; Prakriya and Lewis, 2001; Peinelt et al., 2006; Peinelt et al., 2008) . It was expected that 2-APB produced changes similar to those produced by CPA on the I-D relationship, if this chemical had inhibitory actions on the release of Ca 2+ from the internal stores. However, the present experiments indicated that the effects of 2-APB on the I-D relationship were similar to those produced by high-K solution, i.e., the regression line for the relationship was shifted to the right-ward and down-ward directions in a parallel way, with reduced interval, duration and amplitude of follower potentials. Thus, the results suggested that the modulation of follower potentials by the tested concentration of 2-APB (equal to 10 -5 M) was likely to be produced mainly by the depolarization of the membrane.
Two types of ATP-sensitive K-channels are noted; one distributes in the plasma membrane and other distributes in the mitochondrial inner membrane. In cardiac muscles, glibenclamide inhibits the activity of ATP-sensitive K-channels distributed in both plasma and mitochondrial membranes, while 5-HDA selectively inhibits these channels distributed in the mitochondrial membrane (Grover and Garlid, 2000; Pagliaro et al., 2002; Nakae et al., 2003; Ashcroft, 2005; Sato et al., 2005; Wang et al., 2008; Nishida et al., 2009) . This seems to be also the case in gastric muscles, and spontaneous activity of gastric muscle is inhibited by both glibenclamide and 5-HDA (Fukuta et al., 2002; Kito and Suzuki, 2003a; Kito and Suzuki, 2003b) . The present experiments showed that both of these chemicals decreased the frequency and slope of I-D relationship of follower potentials (Fig. 9) . The difference between these two chemicals appeared on follower potentials and membrane potential: glibenclamide depolarized the membrane and decreased the amplitude and duration of follower potentials, while 5-HDA did not change the membrane potential and amplitude and duration of follower potentials. It is speculated that the depolarization by glibenclamide of the membrane of longitudinal smooth muscle cells may be due to the inhibition of ATP-sensitive K-channels distributed in the plasma membrane. The results also suggest that 5-HDA is selective to ATP-sensitive K-channels distributed in mitochondrial inner membrane, as in the case of cardiac muscle (Grover and Garlid, 2000; Sato et al., 2005; Nishida et al., 2009) . Difference in the effects of glibenclamide and 5-HDA on the duration of follower potentials suggests that the inhibition of the activity of mitochondrial ATP-sensitive K-channels is not a direct factor to determine the duration of pacemaker potentials, although detailed mechanism remains unclear.
Chemicals which have been known as the inhibitor of the mitochondrial activity (CCCP, KCN, rotenone, 2-DDG, rotenone) inhibited follower potentials, with associated decrease in the slope of I-D relation. However, the effects of these chemicals on the frequency, duration and amplitude of follower potentials were not homogenous, possibly due to the differences in actions between chemicals. Protonophoric actions of CCCP will produce a disorder of voltage-dependent mechanism in mitochondria, since the large inside-negative voltage appearing at the mitochondrial inner membrane is produced by the proton transport (Duchen, 1999) . Absence of voltage difference across the inner membrane will induce a disorder of Ca 2+ influx to mitochondria and related Ca-dependent mechanism. Inhibition of glycolysis by 2-DDG, and inhibition of electron transport at mitochondria by KCN or rotenone, will result in a reduced production of ATP in pacemaker cells. It is thus likely that production of ATP is related to the duration of pacemaker potentials. However, oligomycin, a known inhibitor of ATP synthesis in mitochondria, in concentrations ranging between 10 -7 -10 -6 M, did not produce significant change in follower potentials in gastric muscles (Y. Shigemasa, unpublished observation), as had been observed on the rhythmically active cells in the rat renal pelvis (Hashitani et al., 2009 ). Thus, it seems likely that the reduced production of ATP is not directly related to the inhibition of the duration of pacemaker potential in stomach. It is still unclear the cellular mechanism how mitochondrial disorder produces the inhibition of the generation of pacemaker potentials.
Proteinkinase C (PKC) is one of the factors involved in the regulation of the frequency of spontaneous activity in gastric muscles, and inhibition of the activity of PKC decreases and activation increases the frequency Suzuki et al., 2002b; Lee et al., 2004; Nakamura and Suzuki, 2004a; Nakamura and Suzuki, 2004b; Suzuki et al., 2006) . The present experiments showed that chelerythrine decreased the frequency of follower potentials, with no change in the amplitude and duration, and the I-D relationship shifted to the right-hand and upward direction, with no change in the slope (Fig. 10) . Thus, PKC does not seem to be involved in the important factors for determining the pacemaker potential, rather PKC contributes to modulate the frequency of pacemaker potential. The results support the concept that PKC is taking a role for transferring mitochondrial signals to internal Ca-stores .
It is summarized that the factors determining the duration of pacemaker potential generated in ICC-MP involve release of Ca , and it may be causally related to the activity of Ca-ATPase at the membrane (Kuriyama et al., 1998) . It is considered that the generation of pacemaker potential is triggered by the release of Ca 2+ from the internal stores (Kito and Suzuki, 2003b) , and the empty stores may be re-filled during the interval, mainly with the aid of Ca-ATPase. Subthreshold concentrations of CPA might decrease the amount of Ca 2+ pumping into the stores, thus it increases the time required for re-filling the stores to level sufficient for the generation of next potential. Mitochondrial activity is also important to maintain rhythmic activity in ICC-MP, and the key role may be appeared on the Ca from mitochondria (Duchen, 1999) . It is speculated that several types of metabolic inhibitors (KCN, rotenone, 2-DDG) inhibit the maintenance of polarized condition in mitochondria, thus inhibit the rhythmic activities. Potential difference across the mitochondrial inner membrane is also decreased by opening proton channels, and protonophoric actions of CCCP may provide this condition. Inhibition of ATP-sensitive K-channels distributed at mitochondrial membrane by glibenclamide or 5-HDA prevents depolarization of the membrane, and this will produce reduced efflux of Ca 2+ from mitochondria. Thus, the present experiments revealed that Ca 2+ release from the internal stores and changes in mitochondrial membrane potential are important factors to determine the duration of pacemaker potentials. It remained unclear which is more essential factor, or alternatively, which factor has primary function to determine the duration.
